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PREFACE

This thesis is based on the author's research carried out during the
n2riod from October 1986 to September 1989, under the supervision of
Prof. G. Petrie. It is documented in fifteen chapters. Apart from the
introduction (Chapter 1) and concluding remarks (Chapter 15), the rest
of this thesis can be divided into two parts, i.e. the part from
Chapters 2 to 7 giving the background and the basic theoretical aspects
of the research and the part from Chapters 8 to 14 covering the more
experimental ly orientated investigations - mainly concerned with the
design and execution of the work carried out during this project and
with the analysis of the experimental results.

Actually, this thesis covers a variety of topics related to both the
theory and practice of digital terrain modelling and some of these
discussions are even conducted in some detail. The only purpose of
doing this has been to make this very specialised research topic more
general, and thus to enhance the readability of this thesis.

Key Words:

Digital terrain modelling; Digital terrain models (DTM); Mathe-
matical models; Terrain descriptors; Slope; Sampling strategy;
Photogrammetric sampling; Photogrammetrically measured data;
Contour maps; Cartographic digitisation; Digital contour data;
Surface reconstruction; Surface continuity; DTM networks; DTM
data quality; Gross error detection; Check points; Accuracy
assessment; Accuracy models; Optimum sampling interval; etc.

with the rapid development of science and technology, especially
canputing technology, digital terrain modelling, which originated only
thirty years ago, has already become a relatively important branch of
topographic science. wWhat is new today might be totally out of date in
a few years time. In some years time, there will be no surprise when
the recaders of this thesis find that there is nothing new inside.

The author
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ABSTRACT

In this thesis, investigations into some of the problems related to
three of the main concerns (i.e. accuracy, cost and efficiency) of
digital terrain modelling have been carried out. Special attention has
been given to two main issues - the establishment of a family of mathe-
matical models which is comprehensive in theory and reliable in
practice, and the development of a procedure for the determination of
an optimum sampling interval for a DTM project with a specified
accuracy requirement. Concretely, the following discussions or
investigations have been carried out:-

i). First of all, a discussion of the theoretical background to
digital terrain modelling has been conducted and an insight into
the camplex matter of digital terrain surface modelling has been
obtained.

ii). Some investigations into the improvement of the quality of DTM
source data have been carried out. In this respect, algorithms
for gross error detection have been developed and a procedure
for random noise filtering implemented.

iii). Experimental tests of the accuracy of DTMs derived from various
data sources (i.e. aerial photography, space photography and
existing contour maps) have been carried out. In the case of the
DTMs derived fram photogrammetrically measured data, the tests
were designed deliberately to investigate the relationship
between DTM accuracy and sampling interval, terrain slope and
data pattern. In the case of DTMs derived from digital contour
data, the tests were designed to investigate the relationship
between DTM accuracy and contour interval, terrain slope and the
characteristics of the data set.

iv). The problems related to the reliability of the DTM accuracy
figures obtained from the results of the experimental tests have
also been investigated. Scme criteria have also heen set for the
accuracy, nuaber and distribution of check points.

v). A family of mathematical models has been developed for the
prediction of DTM accuracy. These models have been validated by
experimental test data and evaluated from a theoretical stand-
point. Some of the existing accuracy models have also been
evaluated for comparison purposes.

vi). A procedure for the determination of the optimum sampling
interval for a DTM project with a specified accuracy requirenent
has also been proposed. Based on this procedure, a potential
sampling strategy has also been investigated.
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Chapter 1 ~___Introduction

Chapter One
INTRODUCTION

People live on the Sarth and learn to cope with its terrain. Civil
engineers design and construct buildings on it; geologists try to study
its underlying construction; geomorphologists are interested in its
shape and the processes by which the landscape was formed; and
topographic scientists are concermed with measuring and describing its
surface and presenting it in different ways, e.g. using maps,
orthophotographs, etc. Despite these differences in emphasis and main
interests, all of these specialists still have a common interest, i.e.
they wish the surface of the terrain to be represented conveniently and
with a certain accuracy. It is this widespread common interest in
representing or modelling the terrain surface and the many problems
associated with it that has caused the author to devote his research to
this important topic.

In this introduction, first of all, the importance of carrying out a
research project in digital terrain modelling in practice will
be discussed; then the problems associated with digital terrain
modelling will he examined; after which the research objectives of this
project will be introduced. Finally, the structure of this thesis is
described at the end.

1.1 The importance of carrying out research
into digital terrain modelling

The importance of carrying out a research project in the field of
digital terrain modelling is embodied in the important role which a
digital terrain model (DTM) plays in terrain surface representaion and
in related application fields.

Terrain surface can be represented in cifferent ways. One of these
could be a painting, and indeed this may b= the oldest representation.
A painting may offer same general information ahout the terrain which
it depicts. ilowever, the metric quality is extremely low and, in fact,
it cannot be used at all for engineering purposes.

Photography is another way of recording and representing the terrain.
The most useful form is aerial photography. In an aerial photograph,
one dimencion of the 3-D terrain, the height, is essentially absent, so
that a single aerial photograph cannot be used to derive any
information about the true heights of ground points. Also in metric
terms, it gives information of only limited usefulness in respect of
the true horizontal positions of the image recorded on the photograph.
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But an orthophotograph, the photographic image produced after
differential rectification, can be used as a plan, and indeed it may
offer more information than a plan constructed using map symbols,
though this information may not be available or interpretable without
specialist knowledge.

A contoured topographic map is, perhaps, the most familiar way of
representing the terrain. In a topographic map, all the features
present in the terrain are projected orthogonally onto a horizontal
datum. The detail is then reduced in scale and represented by lines and
symbols. The terrain height and morphological information are
represented selectively by contour lines.

The terrain can also be represented by a perspective view. The process
of representing a surface in this way includes projecting it onto a
plane surface and removing those lines which are not visible fram the
direction or point of projection. One such produnt is the so-called
"block dia "'; another is the perspective contour diagram. A digital
nodel of the terrain surface is essential for the easy production of
such representations, though laborious manual methods have been used in
the past.

The real world is three-dimensional. Any system of projection on to a
two-dimensional surface such as a paper sheet (or map) 'loses' one
dinension. So some alternative kind of 3-D representation is very
desirable. As stated h»efore, a digital terrain model is necessary for
the generation of such a 3-D product. More importantly, in contour map
nroduction and other related areas, such a model plays an ever more
important role. Therefore, carrying out sane investigations into the
theory and practice of digital terrain modelling is of fundamental
importance for a wide range of geo-sciences.

1.2 The problems associated with digital terrain modelling

The concept of the DTM came into use in the late 1350s (Miller &
Laflamme, 1953). Since then, it has received great attention and has
developed rapidly in the fields of surveying, civil engineering,
geology, nining engineering, landscape architecture, military
operations, aircraft and battlefield simulation, etc. In spite of all
this activity, there are still a lot of problems to be solved.

In order to understand the problems associated with digital terrain
modelling, first of all, the general process needs to be described and
understood. The overall process can be shown in a diagram such as
Fig.1.1 which the present author has devised for the purpose. In this
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iiagram, six stages can be distinguished. Furthermore one or more
operations need to be apnlied to the process to make it advance from
one stage to another. As a result, 12 operations are distinguished. In
practice, not all of these operations are necessary in the context of a
particular DTM project. However, the following parts are essential,
i.e. the raw data must be acquired from the data source, then the DTM
surface has to be constructel from the raw data.

1.2.1 General problems associated with digital terrain modelling

For a DTM project, the final goal is to produce a DTM with a reguired
or specified accuracy, preferably in an economical and efficient
manner. That is to say, the following three criteria:-

i). accuracy;
ii). cost; and
iii). efficiency

are those of most concern to both producers and clients involved in DTHM
production. And these three criteria are strongly inter-related.

Among them, accuracy is possibly the most important single concern
since usually it lies at the core of a particular DTM project. From
this point of view, the accuracy of the raw data should be as high as
possible; comprehensive methods and/or algorithms should be used for
surface reconstruction; and the raw data should be collected as densely
as nossible. llowever, an increase in the data density will almost
certainly increase the cost and possibly affect the efficiency of the
modelling process. Therefore, from the viewpoints of both economy and
efficiency, the number of data points used in the process should be
kept to a minimum.

Thus, attempts to optimize both accuracy and cost are usually contra-
dictory. In order to reach a compromise between these two factors, an
optimum density should be used, as a result of which, the accuracy
requirement can be achieved and the data points kept to a minimum. So
far, this problem still remains unsolved although efforts to produce a
solution have been made by several investigators. In DTM practice, the
data density for a DTM project is deterined more or less by experience
or common practice. Obviously some more rigorous theoretical <quide is
desirable, especially if it can be proven or backed up by experimental
results,

In order to set a rigorous theoretical guide for the determination of
such an optimum density for DT data acquisition and terrain surface
representation, a mathematical model (or models) is necessary to
oredict the accuracy of the DM (or DT products).
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From the discussions above, it can be concluded that -

i). the cstablishment of a family of mathematical models for DTM
accuracy prediction, which will be comprehensive in theory and
can »roduce a reliable prediction in practice; and

ii). the devising of procedures for the determination of optimum data
density

are the two of the main issues in digital terrain modelling. If the
former can be achieved successfully, it can be used as the basis for
the latter.

1.2.2 Irdividual factors involved in digital terrain modelling

In the previous section, the main concerns of digital terrain modelling
have been outlined and two of the main issues have been identified.
Therefore, it seems pertinent next to inspect some individual factors
which are associated with these general problems to see what has been
done and what needs to be done.

Since it has been discussed previously that the establishment of a
comprehensive mathematical model for DT accuracy prediction is of
fundamental importance, those factors which affect the accuracy of a
DTY should, first of all, be identified. As one can imagine, the errors
present in a DTM are the accumlated consequence of all the stages and
operations involved in the terrain modelling process. Therefore, a
nuber of factors need to be taken into account in the analysis of DTM
accuracy. In particular, the following may be regarded as the main
factors:-

1). the characteristics of the terrain surface;
ii). the density and distribution of the measured data, i.e. the DTM
source data;
iii). the accuracy of the source data;
iv). the methods and approaches used for the DT surface modelling
and the characteristics of the finally constructed DT surface.

The problenas relating to cach of these factors tojether with some other
individual problems related to the more general problems inherent in
DTMs will be examined and analysed in some detail in the following
paragraphs.

(1). Terrain surface characteristics

First of all, there is the matter of the characteristics of the terrain
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surface which, in the context of terrain modelling, can, to large
extent, be summarized in a single concept - that of terrain roughness.
While most people will feel intuitively that they know what is meant by
this term, it is, in fact, a very abstract concept which is difficult
to define exactly. Different tynes of descriptors have been used. Mark
(1975) cvaluated all the existing geomorphometric parameters. Ayeni
(1976) discussed the requirements for a terrain classification system.
Kubik and Botman (1976) endeavoured to use autocovariance as a
descriptive parameter of the terrain. Frederiksen (1980) and his
colleagues (1933, 1986), tried to use some other more complicated
mathematical descriptors, e.g. the Fourier spectrum of the terrain
profiles, fractal dimension and variogram. However, all of these
mathematical descriptors are not too practical to use because, as
Yoeli (1983) points out, "the Earth's surface, being completely
irreqular, is, prima facie, void of any mathematical characteristics."
Therefore, what should he used as the measure of terrain roughness is
still an open discussion.

(2). Density amd distribution of DIM source data

In order to implement the terrain modelling process, a certain amount
of data, referred to as source data in this thesis, has to be acquired.
This data is then used to generate the DTM surface. The principal
characteristics of the source data can be described by three parameters
(referred to as attributes in this thesis), which are the accuracy,
density, and distribution of the data. The latter two are combined in
the term sampling. Thus, sampling is the process of defining the
density and distribution of the points to be used for terrain
modelling.

In DTY data acguisition using photogrammetric methods, although
different sampling methods such as selective sampling, profiling,
progressive sampling, composite sampling, etc. have been and are being
used, sampling based on the use of a regular grid is still the most
popular one. In this area, there is still no proven or accepted theory
on which to base the sampling required for different types of terrain.
In practice, the theoretical background to sampling is rarely
discussed, thus the effectiveness of the existing sampling methods is
rarely examined.

In DTM data acquisition based on existing cartographic material, only
two methods - line-following and the raster scanning of contours - are
used. At the vresent time, the manual line-following method dominates
this area. Even here, there is no systematic theory to guide the
selection of sampling intervals for different types of terrain for
varying contour intervals and to satisfy the specific accuracy
requirements of the DTM.
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Srom this discussion, it can he scen that the two main parameters
(density and distribution) involved in sampling should be verified or
controlled. At present, the ways of doing so are limited to the optical
suverimposition of data points onto photographs or the injection of
data points onto a stereo model (e.g. carried out in an analytical
plotter) or the employment of a graphics editor (see Beerenwinkel et
al, 1986; Ostman, 1986a, 1986b; Reinhardt, 1986, 1938; Uffenkamp, 1986;
and Ebner and Reinhardt, 1987).

(3). Accuracy of DIM data

Considering first of all accuracy of DTM source data, this is related
to the errors present in different stages of measurement. Different
types of errors such as systematic errors, gross errors amd random
errors will inevitably occur in the DTM source data Same of them need
to be detected and removed from the data set and same of them lessened
in extent. Up till now, not too much work has been done in this
respect.

The errors likely to be encountered both in the source data and in the
final DTM data should consist of two components, i.e. the horizontal
error and the vertical error. So any assessment of accuracy should be
applied to both of these components. Horizontal accuracy is not easy to
assess and very little work has been done on this. Ley (1986) mentioned
same methods, but he also mentioned that these are either impractical
or difficult to carry out. So the question of how to assess this is
still open and it is one which is difficult to answer. In contrast to
the assessment of the horizontal accuracy of a DTM, more and more
attention has been focused on the assessment of DTM height accuracy.

For a researcher working in this area, the main purpose of assessing
the accuracy of a DTM is to gain experience so that some predictions
may be made which may be useful for DTM practice. Such an experience
may be expressed by a mathematical model, which could be either
empirical or thecretical in origin. An emnirical model can be obtained
through experimental tests, but a theoretical model can only be
obtained by a theoretical analysis.

To form an accuracy model through experimental investigation, an
intensive test against the factors which affect DTM accuracy needs to
be carried out, then some kind of empirical model can be obtained using
regression techniques. However, in order to complete such a task, a
huge amount of work needs to be carried out. In fact, it can be said
that as yet not many comprehensive tests have been carried out. Indeed,
for such a purpose, many more comprehensive experimental tests are
required. This testing will be very time-consuning and almost certainly
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will be very costly. Therefore, at the present time, a prior
theoretical analysis is more appropriate. However, although it is
impractical to establish a really satisfactory empirical model based on
the results of intensive and comprehensive experimental tests, in
practice, some experimental tests are unavoidable, e.g. some results
are needed to validate a theoretical model.

On the theoretical side, quite a lot of efforts have already been made
by several investigators using different techniques to establish
establish satisfactory accuracy models. Usually, a nunerical parameter
such as those mentioned previously has been used to describe the
roughness of the terrain surface. Makarovic (1972) tried to solve this
problem through the analysis of a sine wave; Kubik and Botman (1976)
utilized autocovariance analysis; Frederiksen (1980) used Fourier
transformation to analyze the spectrum of terrain profiles; Tempfli
(1980) has employed linear system analysis; Frederiksen and his
colleagues (1986) also tried to use the concepts of variogram and
fractal dimension. Although a lot of efforts have already been made to
investigate this area, the results have not always been fruitful and
there is still a lot of work to be done. In this respect, the following
general remarks can be made at this stage -

i). Most of these analyses have only been applied to and concerned
with measured profiles; therefore, one of the important things
which needs to be done would be to extend these analyses to a
complete surface.

ii). Actually, it seems to the present author that no single existing
theoretical model is either convenient to use and or can he used
to make a reliable prediction of DT accuracy. Therefore, more
comprehensive and reliable models need to be devised and
investigated as a matter of some urgency.

Also it appears to the present author that there is no systematic
theoretical basis to tell users how check points should be employed in
DTM accuracy assessments, i.e. how many such points are essoential,
where they should be located and what is the required accuracy of these
check points, for a given DTM accuracy requirement.

Furthermore, a lot of efforts have been made for the devising of
procedures for the determination of optimum data density, but, the
result has not been fruitful due to the lack of comprehensive and
reliable accuracy models. Again, this points to the urgency and
importance of establishing a family of new mathematical models of DI
accuracy.
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(4). The methods used for terrain surface modelling and
the t"%e characteristics of the resulting surface

In the development of DTM methodology, the first mmain development has
been in the field of interpolation methods. In this respect, someone
tries to devise an interpolation algorithm; then its effectiveness is
tested using one or more sots of test data; and finally there is a
declaration as to how good the method is. A comprehensive review of
these interpolation methods (or algorithms) has been given by Schut
(1976), which is still largely valid today. Although a lot of different
interpolation methods have heen proposed, there is still very little
detailed information and few practical or methodological comparisons
between the different techniques which have actually been used in
practice (Ackermann, 1979).

Furthermore, there is a lot of confusion in this area. Indeed, this is
one of the most serious probhlems which bedevil digital terrain
modelling. Actually, interpolation techniques have been applied mainly
for two quite different purposes, i.e. either for the pre-processing of
data such as the so-called randam-to-grid interpolation before surface
modelling or for the camputation of DIM points from a DTM surface after
surface modelling. Therefore, the discussion of interpolation should be
related to the methods and approaches used for surface modelling.
Indeed, all of this matter needs to be clarified.

Altnough, initially grid-based modelling has been the basic modelling
approach of most DTMs, triangulation is another alternative to form
networks for surface reconstruction which has become popular in recent
years. In this respect, several triangulation algorithms or procedures
have been developed by different authors, e.g. MclLain (1976), Yoeli
(1977), Elfick (1979), McCullagh and Ross (1980), Mirante and Weigarten
(1982), etc. In addition, some contour-specific triangulation methods
have also been designed by several investigators such as Christensen
{1987). The main problem associated with triangulation procedures is
how to accomdate distinctive terrain features in the terrain model,
especially break lines and form lines. It seems to the present author
that, till now, no single triangulation procedure has solved this
problem comprehensively.

From above discussion, it is obvious that any researcher trying to
advance the methodology of digital terrain modelling must at all times
ke2» the matter of the specific methods used for modelling the terrain
surface in the forefront of nis mind since they bear so heavily on the
characteristics of the particular surface which will result.



Chapter 1 Introiuction

1.3 Research objectives

As discussed above, accuracy, economics and efficiency are three of the
mest important concerns in digital terrain modelling. To carry out same
work related to these three concerns is, of course, the objective of
this project. However, many problems related to each of these concerns
have already been pointed out in the previous section. Therefore, no
attemnt can be made or has been made to solve all of these problems
due to the limited period of time available, and the basic
unsolvability of some parts of those problems - at least at the present
time. However, to solve or to contribute to a solution of some of the
problems related to digital terrain modelling is the main objective of
this research project.

In more specific terms, research into the following areas will be
carried out in the course of this project:

i). First of all, photogrammetric sampling will be examined from
various viewpoints; existing sampling methods will also be
scrutinised; and the problem of optimizing regular grid sampling
will also be considered.

ii). The errors which occur in source data will also be under
investigation. Attempts will he made to develop some algorithms
for gross error detection and random noise filtering. These
algorithms will also be validated experimentally.

iii). Same experimental tests of the accuracy of DIMs derived from the
Jdata sets acquired from different data sources (i.e. aerial
photographs, space photographs, and existing contour maps) with
different data attributes will be carried out. In the case of
DTMs derived from photogrammetrically measured data sets,
special attention will be paid to the variation of DIM accuracy
with data density (expressed in terms of sampling interval).

iv). In the context of experimental tests of DTM accuracy, an attempt
will be made to carry out a theoretical analysis of the effacts
of the characteristics of check points on the reliability of the
DTM accuracy figures which have been derived from the test
results and then to set some thecretical guidelines for the
requirements of check points, i.e. the minimum number needed and
their required accuracy, as well as the desirable distrihbution
of such points.

v). A family of mathematical models will he established for the
height accuracies of DTXs derived from photogrammetrically
measured elevation data. These models will be validated using
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experimental test results and evaluated using some theoretical
standards. Some existing accuracy models will also he evaluated
using test data generated by this project.

vi). After the establishment of these models, some procedures for
determining the optimum density of DT source data in different
cases will be proposed.

1.4 The structure of this thesis

Apart from this introductory chapter, the rest of this thesis is
organised as follows:

Chapter 2 discusses some of the theoretical background to modelling in
jeneral and digital terrain modelling in particular. This is followed
in Chapter 3 by a discussion of the main terrain descriptors used in
the geo-sciences. In this chapter, not only are the different types of
terrain descriptors discussed but the adequacy of using slope as the
principal terrain descriptor for terrain modelling purposes is also
emphasized.

Chapter 4 is concerned with photogrammetric sampling strategy. The
theoretical background to photogrammetric sampling and the requirements
of different sampling methods are discussed and analysed. Photogram-
metric sampling is also examined fron various other points of view such
as those employed in statistics, geometry, geomorphology and
topographic science; existing sampling methods are briefly reviewed;
and a critical analysis of the most important attributes of photogram-
metric sampling will also be undertaken.

Chapter 5 discusses briefly the accuracy of photogrammetrically
measured DTM source data. The acguisition of DTM source data from
existing maps is reviewed in Chapter 6, where the vexed question of the
estimation of the accuracy of digitised contour data is also discussed.

In Chapter 7, the different approaches to the construction of DTM
surfac?s are outlined; some discussion of the characteristics of DTM
surfaces 1is also given; existing knowledge in this field is reviewed
critically.

Chapter 8 is allocated to a discussion of possible methods for an
improvement in the quality of measured DI'! source data. Algorithms for
detecting gross error in source data sets have heen devised and are
presented and tested experimentally. The effect of random noise on the
quality of raw data is also discussed and has been investigated
experimentally.

10
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In Chapter 9, various alternative plans for carrying out experimental
tests on DTM accuracy are outlined. This is followed by a description
of a specially designed experimental test of the variation of DTM
accuracy with the density (expressed in terms of sampling interval) of
DTM source data. Finally, a critical analysis of the results of this
test is conducted.

As an extension of Chapter 9, an experimental test on the accuracy of
"s derived from space photography taken by the Metric Canera will be
described in Chapter 10.

Chapter 11 describes the theory behind the use of check points in
experimental tests of DTM accuracy. Three problems (attributes) are
discussed, i.e. the required accuracy, the minimum number of points
required and the desirable distribution of these points. The
relationship between these and the reliability of DTM accuracy
estimates is also established. This theoretical work has also been
validated with data fram the experimental tests.

Chapter 12 is concerned with the theoretical aspects of DTM accuracy
assessnent. Existing mathematical models of DTM accuracy will be
evaluated both experimentally and theoretically. A new family of mathe-
matical models has also been established. These models will be
evaluated fram a theoretical viewpoint and validated experimentally.

The discussions in the previous chapters (from 8 to 12) are more or
less related to the accuracy of DTMs derived from photograrmetrically
measured data. In Chapter 13, two sets of experimental tests into the
accuracy of the DTMs derived fram contour maps for different purposes
will also be described.

In Chapter 14, some procedures for the determination of optimum data
density will be presented. In this chapter, a discussion of the
optimization of reqular grid sampling will also be carried out.

In Chapter 15, some concluding remarks on the results of this research
project are given, together with recommendations for future research.

Following this general introduction, the next chapter will contain a

more detailed discussion of the theoretical background to digital
terrain modelling.

11
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Chapter Two
Mathematical Models and Digital Terrain Modelling

In the previous introductory chanster, four tooics have heen discussad,
i.e. the importance of undertaking a research project in digital
terrain modelling; the main problems associated with digital terrain
nodelling; the objectives of this research project; and finally the
structure of this thesis. In this chapter, a more detailed introduction
to digital terrain modelling will be given to act as background to the
discussions about this subject which will take place later in this
thesis. More specifically, general concepts about models and
mathematical models are introduced and reviewed; concepts and technical
terms used with digital terrain models are introduced and discussed;
and finally a brief discussion on the mathematical models used in
digital terrain modelling is also given.

2.1 About models in general

It seems pertinent first to have a brief discussion about the general
concept of a model. A typical definition of the term is the following:

"A model is an object or a concept that is used to represent
something else., It is reality scaled down and converted to a
form which we can camprehend" (Meyer, 1985).

A model may have a few specific purposes such as prediction, control,
etc., 1in which case, the model only nceds to have just enough
significant detail to satisfy thes2 purposes. The model may »e used to
represent the original situation (system or phenomenon) or it may be
used to represent some proposed or nredicted situation.

Thus, the word "model'" usually means a representation and, in many
situations, it is used to describe the syst»m at hand. Conscunently,
there are strong differences of opinion as to the appropriéte use of
the word "model'. For example, it may he anplied to a photorjranmetric
replication of a piece of the terrain surface which has been
photographed or it may suggest a perspective view of the piece of the
terrain.

Generally speaxing, there are three xinds of models as follows:
i). conceptual;
ii). physical (analogue); and

1iii). mathematical models.

The Conceptual model is the model borne in a person's mind about a

13
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situation or an object hased on his knowledge or experience. Often,
this particular type of model fonns the primary stage of nodelling and
will be followed later by a physical or mathematical nodel. 'lowever, if
the situation or object is too difficult to revresent in any other way,
then the modelling will remain in concentual form.

A Physical model is usually an analogue model. An example of this kind
of nodel would be a terrain model made of rubber, plastic, or clay. A
sterso-model of the terrain based on optical or mechanical projection
orinciples, which has a widespread use in photogrametry, would also
fall into this category. The size of a physical model is usually much
smaller than the real ohject.

A Mathematical model is the representation of a situation, an object,
or a phenomenon in mathematical terms. In other words, a mathcmatical
model is a model whose camponent parts are mathematical concepts, such
as constants, variables, functions, equations, inequalities, etc. In
the context of stereo-photogrammetry, the most obvious examples of this
type of model are those used in analytical photogrametry based on the
use of collinearity or coplanarity equations.

2.2 About mathematical models

General speaking, mathematical models may he divided into two types
(Saaty and Alexander, 1981) as follows:-

i). quantitative; and
ii). qualitative.

Quantitative models are based on the nunber system, while qualitative
models are, on the other hand, possibly based on set theory, not
reducible to numbers.

Also, a problem imay either be deterministic or be subject to changes
and therefore probabilistic. Therefore, mathermatical nolels may be

classified into:-

i). functional models, which are those intended to solve
deterministic problems, and

ii). stochastic models, which are those used to solve probabilistic
nroblems.,

2.2.1 Advantages of mathematical models

One very important guestion about mathenatical models is 'what kind of

14
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benefit can one have by using mathematical models" or 'why should we
nake use of mathematical models'" ? Saaty and Alexander (1981) give sane
reasons for using mathematical models as follows:

i). Models permit abstractions based on logical formulation using a
convenient language expressed in a shorthand notation, thus
enabling one to visualise better the main elements of a problem
while, at the same time, satisfying communication, decreasing
ambiguity, and improving the chance of agreement on the results;

ii). A model allows one to keep track of a line of thought, focusing
attention on the important parts of the problem;

iii). Models help one to generalise or to apnly the results of solving
problems in other areas;

iv). They also provide an o) portunity to consider all the
possibilities, to evaluate alternatives, and to eliminate the
impossible ones; and

v). They are tools for understanding the real world and discovering
natural laws.

2.2.2 Standards for evaluating mathematical models

rom the foregoing discussion, it appears that some benefits can be
gained by using mathematical models. Now canes the question -'what kind
of mathematical models should be used' ? This is related to the problem
of '"how to judge the 'goodness' or value of a mathematical model'.

As one can imagine, there must be certain characteristics which all
models must have to a varying degree and which bear on the question of
how good they are. These characteristics can be used as standards for
model evaluation. Meyer (19385) suggests the following as being
important:

i). accuracy;
ii). descriptive realism;
iii). precision;
iv). robustness;
v). generality; and
vi). fruitfulness.

A model is said to be accurate if the output of the model (i.e. the
answer it gives) is correct or very near to correct. A model is said to
be descriptively realistic if it is based on assumptions which are
correct. A model is said to he precise if its predictions are definite
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numbers (or other definite kinds of mathematical entities, such as
functions, geometric figures, etc.). By contrast, if a model's
prediction is a range of numbers (or a set of fuctions, a set of
figures, etc.), the model is said to be imprecise. A model is said to
e robust if it is relatively immune to errors in the input data. A
model is said to be general if it applies to a wide variety of
situations. A model is said to be fruitful if ~ither its conclusions
are useful or it insnires and/or points the way to other good models
(eyer, 1935).

2.2.3 Practical considerations for mathematical models

The six characteristics discussed ahove can be regarded as the
theoretical standards for model evaluation. iowever, in modelling

practice, other practical considerations should also be taken into
account.

In practice, the situation may arise that two models are both good in
terms of these characteristics and the question which then arises is
which should be selected for practical use. In this case, it could bhe
that one is simpler than the other and could be preferred. Thus, it can
be seen that the simplicity (or complexity) of models could or should

become a very important criterion for the comparison or selection of
models.

Indeed, the basic premise in modelling is that complicated models are
not always neaded even though a phenomenon nay be complicated. It has
been stated as the principle of parsimony (Cryer, 1986) that the
(mathenatical) model used should reguire the smallest possible nuiber
of parameters that will adequately represent the data sampled from the
dhenoinenon (or so-called reality).

tvidence from many fields shows that mathematical models with a degree
of complexity beyond a certain level often perform poorly in comparison
with other simpler models when reality is taken into account. Often, if
a matnematical model for a given phenousenon involves a large number of
parameters, it is a good indication that an entirely different family
of models should be considered for the representation of this
ohenoinenon.

Another situation may arise in which a model may be unable to produce
a very accurate representation or prediction for a situation or
ohenomenon, in which case, what kind of attitude should be taken
towards it ? In practice, for a mathematical model, what should be
considered, rather than rejecting it, is to try and estimate how wrong
it is. If a model can still produce reasonable results in any case, it
can still be regarded as a rohust model.

16
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2.3 About digital terrain models
2.3.1 The introduction of digital terrain models

Terrain models have always appealed to military personnel, planners,
landscape architects, civil engincers, as well as specialists in the
various disciplines of the earth sciences. Originally, the models were
paysical models, made of rubber, plastic, as well as clay, sand, etc.
For example, during the Second World War, many models were made by the
American Navy and reproduced in rubber (Baffisfore, 1957). In the
recent Falklands War in 1982, the British forces in the field used sand
and clay models extensively to plan military operations.

The introduction of mathematical, numerical and digital technigues to
terrain modelling owes much to the activities of photogrammetrists
working in the field of civil engineering. In the 1950s, photogrammetry
had begun to be used widely to collect data for highway design. Roberts
(1957) first proposed the use of a digital computer with photogrammetry
as a new tool for acquiring data for planning and design in highway
engineering. Miller & Laflamme (1958) of the Massachussetts Institute
of Technology (MIT) described such a development in more detail, and
introduced the concept of the digital terrain model (DT™). The
definition given by them is as follows:

"The digital terrain iodel (UTM) is simply a statistical
representation of the continuous surface of the ground
by a large number of selected points with known X,Y,2
coordinates in an arbitrary coordinate field."

In summary, DTM is simply a Jigital (numerical) representation of
the terrain surface.

2.3.2 Technical terms regarding digital terrain modelling

Since Miller and Laflamme (1958) coined the original term (digital
terrain model), some other (alternative) terms have been hrought into
use. These include digital elevation model (D2M), digital height model
(D), digital ground :odel (DG!Y), as well as digital terrain elevation
model (OTwi). These tenns originated fram different countries. DEM is
widely used in America; DM came from Germany; DGY is used in the UK;
and DTE! was introduced and used by the USGS and DMA (Petrie and
Yennie, 1987).

Some restrictions in their usage may be desirable. So Yoeli (1983)

proposed to restrict the use of term DTM to the height points on the
Earth's surface, and usec the term DEM (or DH») for all other
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geographical and geological phenamena. This proposal might solve the
confusion for modelling the Earth's surface, but leaves unsolved that
for surfaces underwater. lowever, Yoeli's proposal has not been
accepted by the rest of surveying and mapping community, so some
further discussion of this point may be of value.

In practice, these terms (DTM, DEM, DHM and DIEM) are often assuned by
many people to be synonymous and indeed this may often be the case. But
sometimes they actually refer to quite distant products. That is to
say, there may be slight differences between these terms. A selection
of the meanings of these related words taken from dictionaries or
literature includss the following:

Grourd: "the solid surface of the Earth'", "a solid base or
foundation"; "a surface of carth'; '"bottom of the
sea'; ctc.

Height: 'measurement from base to top'"; '"elevation above
ground or recognized level, es». that of sea";
"distance upwards'; etc.

Elevation:"height above a given level, esp. that of the sea';
"height above the horizon"; etc.

Terrain: 'tract of country considered with regard to its natural
features, etc."; "an extent of ground, region,
territory'; etc.

rom these definitions, some of the differences hetween DGM, DH!1{, DEM
and DTM hegin to manifest themselves., So a DG more or less has the
meaning of "digital model of a solid surface'. In contrast to the use
of "ground", the terms "height" and "elevation" emphasize the
"measurement fron a datum to the top" of an object. They do not
necassarily refer to the altitude of the terrain surface, but in
practice, this is the aspect which is emphasized in the use of terms
DM and DEM. The meaning of "terrain" is more complex and enbracing. It
may contain the concept of "height'" (or "elevation'), but it attempts
to include other geographic elements and natural features. Therefore,
the term DTM tends to have a wider meaning than DHM or DEM and will
attempt to incormorate specific terrain features such as rivers, ridge
lines, break lines, etc. into the model.

2.4 Mathematical models of the terrain surface

Digital terrain modelling is a process of mathematical modelling.
And a digital terrain model was defined as a digital representation of
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the terrain surface. In digital terrain modelling, a sample of the
points forming the surface of the terrain under concern is measured
with a certain accuracy. In this sense, the terrain surface is
represented by a set of digital (or numerical) data. “When information
ahout the height values of other points present on the surface of this
particular piece of terrain is needed, then an interpolation process is
applied to the digital data set. In interpolation, a mathematical model
is selected and used for the construction of a model of the terrain
surface on the basis of the measured digital data points. The height
value of any other point lying on this surface can then be obtained
from this mathematical ~nodel.

A variety of mathematical models have been in use for this purpose such
as a global polynomial surface, a linked series of local surfaces, a
contiguous set of linear facets, etc. The general expression can be
written as follows:

H = £(X,Y) (2.1)

This simply means that 3, the height value of a point on the surface
whose location is defined by its X and Y coordinates is a function of
two variables, which are the planimetric coordinates defining its
position on the surface.

Expression (2.1) can also be rewritten in another form as follows:
f(x,Y,H) =0 (2.2)

This definitionwill suffice for this introduction; a more detailed
discussion of this topic will be given in Chapter 7.

2.5 Mathematical models of DIM accuracy

It has heen mentioned above that accuracy is an important criterion or
standard for the evaluation of models in general and that the accuracy
of the mathematical model used to represent the corresponding terrain
surface is a matter of the highest concern in digital terrain modelling.
Therefore, a mathematical model for the asscssment or prediction of DI'M
accuracy 1is of importance both in theory and in practice.

The model for assessing or predicting DTM accuracy will be more
complicated than that for the terrain surface itself because the latter
has only two variables (X and Y coordinates) while the former will have
guite a few other variables, These variables may include the roughness
of the terrain surface, the specific interpolation functions and methads
used, as well as the accuracy, density and distrihbution of the source
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data, and so on. Therefore, the mathematical models of DTM accuracy
could be written in a general form as follows:

Ac(DTM) = £ (S, M, R, A, Ds, Dn, O) (2.3)

Where, Ac(DIM) denotes the accuracy of a DIVM;
S is a factor related to the characteristics of DM surface;
M is the method used for surface modelling;
R is the roughness of the terrain surface;
A, Ds ard Dn are the accuracy, distribution and density of
source data, respectively; and
O refers to other factors.

Also, as will be discussed later in Chapter 12, there are many accuracy
models in use which take different forms and which employ different
mathematical tools. Even so, it is still one of the most important
topics in digital terrain modelling. Indeed, the building of this type
of accuracy model in digital terrain modelling occupies a major part of
this project.

As stated in the introduction, the model expressed by (2.3) may be
established either by theoretical analysis or experimental tests or a
combination of both. In experimental tests of DTM accuracy, check
points will be used. The relationship between the reliability of the
obtained accuracy results with the attributes (number, accuracy and
distribution) of the check points may also be expressed in a
mathematical form, thus a mathematical model may be formed. Such a
model may also be expressed by an equation similar to (2.3) as follows:

R = £f(A, No, Ds) (2.4)

Where, R refers to the reliability of the obtained accuracy estimates;
A, No, and Ds denotes the accuracy, the number and the distri-
bution of the check points used for the experimental test.

2.6 Other mathematical models in digital terrain modelling

These two types of mathematical models discussed above are the main
models in use in digital terrain modelling. However, if it is viewed as
an engineering system, another two types of main models may be
considered. One of these models is the economic model to be applied in
digital terrain modelling. It is not a easy job to establish such a
model since all the costs involved in different stages of the modelling
process should be taken into consideration. In doing so, both
theoretical data and practical (or empirical) values or data are also
needed if the model is to be effective. It can be expected that this
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type of model can only be established if DTM production has become a
routine operation.

Another type of model which can be considered within the context of
digital terrain modelling is the optimization model. This type of model
can be used to design the optimum combination of data sources,
instrumentation, sampling strategy, interpolation method, and other
factors involved in the operation. The model should take both econamic
factors and accuracy into consideration or only one of them.
Mathematical tools such as dynamic programming and/or linear
programming may be used for the establishment of such models.

Of course, there could be quite a lot of other minor mathematical
models used in digital terrain modelling; however, it is not the
purpose of this section to examine all these minor models.

2.7 Simlation

Before ending this chapter, it seems pertinent to have an examination
of the term, simulation, because simulation is relevant to modelling. .

First of all, it would be appropriate to have a look at the position of
simulation in the manipulations of mathematical models. It is
commonplace to say that there are two great pillars upon which the
experimental sciences rest - theory and experiment. Similarly, as Meyer
(1985) pointed out, in mathematical manipulation, there are also two
approaches. One is the analytical approach, which used to be and still
is regarded as being the greater pillar; the other might almost be
called the experimental approach. Simulation is one form of
mathematical experiment. The difference between an analytical solution
and a solution determined through a simulation is that the former
involves finding a formula that relates the quantiity which we are
trying to estimate to other quantities known to us, thus to provide a
closed-form expression in terms of defining parameters; while the
latter attempts to estimate the value of a guantity by mimicking
(simulating) the dynamic behaviour of the system involved, by employing
a procedural model.

As a matter of fact, in operational research, a simulation is defined
as "a model of some situation in which the elements of the situation
are represented by arithmetic and logical processes that can be
executed on a computer to predict the dynamic properties of the
situation" (Emshoff & Sisson, 1970). This emphasis on dynamic behaviour
or properties is or appears to be a fundamental characteristic of
simulation.
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Simulation was initially developed as a way of tackling problems for
which no explicit mathematical solution can be devised. However, as the
method has developed, it has been seen to be very powerful, thus it is
widely used in practice. Rivett (1972) has stated that there are in
general three reasons for using simulation as follows:

i), Technical problems may be too complex so that an analytical
approach breaks down. As stated above, this is the situation,
for which simulation was initially developed. For example, to
produce a mathematical model for the overall effect of different
error sources on stereo-compilation simultaneously is so complex
that Alspaugh {1985) made use of simulated images to form
stereo-models in his experimental study (on the effects of
different error sources on dynamic profiling) for the purpose of
isolating the effects of same errors fram others. Those images
are simulated by using a digital terrain model and the so-called
surface shadowing technique so that some parameters such as
orientation elements and heights of image points can be known
beforehand.

ii). Researchers or users need to gain some understanding of a
complex real situation. An example of such a situation related
to a digital terrain model is the well-known device called an
aircraft simulator, which always includes a digital terrain
model to impart some sense of reality to the trainee or pilot
using the simulator.

iii). Researchers may be dealing with problems which do not as yet
exist in the real world. For example, before the SPOT satellite
was launched, the characteristics of SPOT images have been
studied by using simulated SPOT images which could be used to
form stereo-models, etc for the production of digital terrain
data.

2.8 Concluding remarks

In this chapter, the concepts of a model and modelling have first been
introduced and reviewed; then some discussions of mathematical models
have been made - the concepts were given; their advantages were
reviewed; and the standards for model evaluation have also been
examined. This general introduction has been followed by the
definitions and discussions of digital terrain models; after which, the
applicability of mathematical models in digital terrain modelling has
been discussed. Finally, a short discussion of simulation has been
included with a reference to its relationship to modelling in general
and to terrain modelling in particular.

22



Chapter 2 Mathematical model

The purpose of including such an introduction is to provide some
background for more detailed discussions which will be included later
in this thesis. Thus, an understanding of the basic concepts of models,
mathematical models and digital terrain models will be helpful in
understanding what digital terrain models are; and how they may be
applied. The standards for model evaluation could be used later as the
basis for evaluating both existing mathematical models for DTM accuracy
and those which have been developed in this project. Also the
discussions on the practical considerations of mathematical models will
be useful in comparing these models.

After these definitions and introductory discussions about models and
terrain models, it is time to consider the main characteristics of the
object being modelled, that of the terrain itself. The discussions will
start with the matter of terrain descriptors and terrain classification,
which form the principal topics of the next chapter.
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Chapter Three
Terrain Descriptors

In order to determine the optimum sampling density of data points and
to select and/or design the best function for surface reconstruction,
as well as to estimate the accuracy of a digital terrain model, it is
necessary to have some knowledge about the actual terrain surface.

The terrain surface can be described in different ways. In this chapter,
first of all, a general discussion will take place regarding the
different terrain descriptors which may be used by different
specialists. This will be followed by a more detailed discussion of
those descriptors which are of special importance in digital terrain
modelling.

3.1 Introduction

To describe the terrain surface is a necessary preliminary to
understanding its myriad characteristics. As stated in the
introduction, the terrain surface is a matter of concern to specialists
in a wide variety of disciplines. Those disciplines such as geology,
hydrology, geography, botany, zoology, ecology, pedology and
meteorology can be considered as being mainly scientific in nature,
while others such as agriculture, forestry, civil engineering, military
engineering, urban and rural landscape design, and mapping can be
regarded as being mainly applied. Obviously, many of these fields
overlap so that no rigid distinctions should be made.

The specialists in the academic earth sciences (including geologists,
pedologists, geamorphologists, zoologists, botanists, ecologists, etc.)
may be as much concerned with past processes as with future
possibilities. The specialists in agriculture (including foresters,
agriculturists, pastoralists, planters, etc.) are mainly concerned with
three properties of the land apart from its location: those of soil
fertility, soil manageability and the nature of the existing
vegetation, Civil engineers consider the suitability of ground for
bearing, compressibility and shear strength of soil under different
moisture conditions. Usually these considerations are made in the
context of the design and construction of structures such as roads,
dams, buildings, railways, harbours, open-cast pits, etc. in which
earthwork quantities will often be a matter of major importance.
Military engineers may focus on less permanent works, but also on such
aspects as artillery lines of sight, the suitability of ground for
excavating trenches, fortifications, holding tent pegs, laying
minefields, accepting parachute drops, and sustaining the repeated
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passage of troops and both tracked and untracked vehicles. The
specialists in meteorology and climatology are concerned with the
effect of terrain on weather and climate because absolute elevation,
slope, aspect, and the nature of the soil surface all influence climate
both directly through their effect on winds, insolation, fog, cloud as
well as rain and indirectly through the effects of vegetation cover.
Hydrologists are especially concerned with runoff regimes and
guantities, with stream flow, and with ground water infiltration,
depths and movements with practical application to water supply, soil
erosion and flood hazards, etc. (Mitchell, 1973).

The list of these interests could be very lengthy. However, it is not
the purpose of this section to provide a survey of all these interests.
What thé author wishes to point out is that, for different types of
specialists, the descriptors used for terrain classification could be
very different arising from their different interests.

In general, two basic types of descriptors may be distinguished as
follows:

i). qualitative descriptors, which are expressed in some kind of
general terms, so they are referred to as general descriptors in
this thesis; and

ii). quantitative descriptors, which are those specified by some kind
of numerical value such as a statistical value, so they are
referred to as numerical descriptors in this thesis.

In this chapter, the general descriptors are examined in outline only;
whereas those numerical descriptors which have been used in DTM
practice are discussed in rather more detail. Some comments on the
suitability of these descriptors in DTM practice are also made and a
specific descriptor is recommended as a critical factor to be
considered in DTM work.

3.2 General (or qualitative) terrain descriptors

Based on these different interests outlined above, a variety of general
or qualitative descriptors can be found. However, some are irrelevant
to the concerns of topographic scientists. For example, it does not
matter to topographic scientists whether or not a piece of terrain is
suitable for planting or cultivation. Actually, it is only the
descriptors of the roughness and the coverage of the terrain surface,
especially the former, that are mainly of interest in the context of a
DTM because they affect the accuracy of the photogrammetric and/or
other measurement and thus the accuracy of the final DTM. Therefore,
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only these related descriptors will be examined briefly in this section.

3.2.1 Terrain descriptors based on
the characteristics of terrain surface cover

The terrain surface is covered with a rich content such as vegetation,
soil, water, ice, artificial features and so on. These various feature
which cover the terrain surface also affects the accuracy of photogram-
metric measurement but the degree of this effect varies with the
specific type of feature, e.g. the type of vegetation, and even with
the season. The specific question about how this terrain surface cover
affects the measurement accuracy is one which lies outside the main
scope of this discussion. What is of interest here is the fact that,
given a particular type of terrain, some idea about the accuracy of
photogrammetric measurement may be obtained, although such information
will be of a very general nature. Therefore, the characteristics of
the terrain surface cover can be regarded as useful terrain
descriptors.

Some parts of the terrain surface are covered by water. These include
rivers, lakes, reservoirs, canals, etc. It may be very difficult,
indeed sometimes impossible, to provide heights for these features
using stereo-photogrammetric methods. Many other areas of the terrain
surface are covered with vegetation, including forest, bush, grass,
marsh, orchards, crops, as well as scattered trees, etc. These may also
have their effects on the accuracy of photogrammetric measurement. Also
in some areas in winter, the terrain may be covered with snow.
Especially in high mountainous areas like some parts of North-west
China, the terrain surface is covered with snow and ice the whole year
round. Also in some types of terrain, the surface is covered with rocks
or dry soils. The latter is called a desert. Last but not least, large
pieces of terrain surface may be covered with artificial man-made
features, e.g. roads, buildings, aircraft runways, etc. which may or
may not have an influence on DIM accuracy.

3.2.2 Terrain descriptors based on the genesis of landforms

One of the terrain classification systems used in geomorphology is
based on the genesis of landforms, i.e. it is related to specific
processes. Generally speaking, two such forms have been distinguished
as follows (Demek, 1972):-

i). endogenetic forms, which have been formed by internal forces; and
ii). exogenetic forms, which have been formed by external forces.

The endogenetic forms include neotectonic forms, volcanic forms and
those forms resulting from deposition by hot springs. The exogenetic
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forms include denudation forms, fluvial forms, fluvio-denudation forms,
glaciofluvial forms, karst forms, suffosion forms (from Latin suffosio,
meaning underwashing), glacial forms, nivation and cryogenetic forms,
thermokarst forms, eolian forms, lacustrine and marine forms, forms of
organic origin, and anthropogenetic forms, etc.

Of course, each form has its own special characteristics. Therefore,
the accuracy of DIMs derived fram sets of data (e.g. aerial photographs
taken in a single run) for two adjacent areas with differing land forms
could be different. This means that these descriptors can provide users
with some information about the roughness of the terrain surface, and
thus provide some pointers to the accuracy of DIMs. However, normally
the information provided by this type of genetic classification is so
general that it is difficult to incorporate it in the planning of a
sampling strategy for a specific project covering a specific area,
except in a very broad sense.

3.2.3 Terrain descriptors based on physiography

In a terrain classification based on physiography, an individual
country, e.g. Great Britain, is divided into generalised regions
according to the structure and characteristics of its landforms. Each
division is kept as homogeneous as possible and each has a dominant
characteristic. For example, the island of Great Britain can be divided
broadly into two physiographic regions -- a Highland Zone in the north
and west, and a Lowland Zone in the south and east (Stamp and Beaver,
1971).

Of course, such regions can also be sub-divided into smaller units. For
example, the Highland Zone of Britain can be sub-divided into the
Scottish Highlands, the Scottish Uplands, the Pennines, the Welsh
Mountains, and the Southwestern Peninsula.

Such broad physiographic regions are specific to particular countries
or to large regions rather than forming a classification which can be
applied universally. Their purpose is primarily one of generalisation,
to allow an area to be broken down into areas with consistent broad
physiographic relationships, within which detailed terrain features are
not specified. It is difficult to see how such broad terrain descriptors
can be employed usefully in the context of DTM planning or operations.

3.2.4 Terrain descriptors based on classification of
relief type and landform units

The terrain surface can also be classified at a variety of scales and

with varying degree of specificity according to relief type or on the
basis of land form units. The degree of detail and the nature of the
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classification will vary according to the purpose involved. In such
cases, the descriptors are not geographically specific in the sense of
physiographic units, but are usually environmentally specific in the
sense that a landform classification designed for the humid tropics
will clearly be different to one designed for high altitude glacial or
periglacial environments.

Similarly, the classification may involve descriptors which, by
definition, are genetic in inference -- for example, a classification
devised for glaciated topography involving such terms as eskers, kames,
moraines, etc is, on the one hand descriptive of their surface features
but, on the other hand, also implies a specific genetic origin.

Terrain descriptors based on landform units are therefore very varied
in nature according to the purpose of the classification. A
classification of terrain which is to be used for hydrological purposes
might highlight certain aspects such as slope angles and degrees of
terrain dissection. A classification intended to correlate with
climatological findings might be based on height and aspect
information. A terrain classification for agricultural development
purposes might be based on height, dissection and rock type, so as to
correlate with information on soils, drainage and vegetation.

In all these cases, the degree of accuracy and complexity will depend
largely on the scale at which the classification exercise has been
carried out. An exercise conducted at a scale of 1:2,500 would permit a
sub-division of major terrain units into secondary terrain units and
terrain facets. Conversely, a regional study at a scale of 1:100,000
would imply greater generalisation into a smaller number of terrain

types.

As a basis for sampling for DTM purposes, these various types of
classification would be of variable value. Small areas with a precise
categorisation of landforms could well offer a satisfactory sampling
frame. Conversely, a generalisation of a more descriptive nature to
cover a large area would be of little value in terms of assisting a
photogrammetrist in making a good decision about the sampling strategy
or sampling interval to be employed over such an area.

3.2.5 Discussion of general or qualitative descriptors

Those descriptors of terrain discussed above may be so broad that they
can only provide the user with same very general information about a
particular landscape. Such information is often not precise enough for
DTM purposes because, in this case, a mathematical model is desirable
and some kind of numerical descriptors are either essential or
preferred since it is numerical data that is being provided and
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processed.

The terrain surface coverage gives very little information about the
roughness of the terrain. For example, a bush area could be very flat
or rolling. Therefore, these descriptors are, by no means, adequate for
DTM purposes, though the presence of bush or forest will definitely
have a negative effect on the accuracy of height measurement.

Physiographic divisions are usually too broad. For example, within the
zone of the Scottish Highlands, there are still some flat areas. Of
course, the roughness of these flat areas must be very different to
those of the main mountainous areas. Therefore, physiographic
descriptors may only be used for the general planning of DTMs over very
large areas or regions, but are not adequate for an individual project.

Again with geamorphological descriptors, based either on the genesis of
the landforms or the relief types and landform units, the information
which they can provide will usually be too general, just like the
physiographic descriptors.

Furthermore, although each of the different geamorphological types of
terrain have different characteristics, the information provided by
geomorphologists is so often concerned primarily with process as not to
be useful to those topographic scientists who are charged with the task
of DTM data acquisition. However, it must also be said that this is an
area where an increased collaboration between the two groups of
scientists could be fruitful in terms of the planning of DTM data
acquisition and in the later modelling and reconstruction of the
terrain surface.

3.3 Numerical (aor quantitative) descriptors

As discussed above, the general descriptors are unsuitable for detailed
DTM planning purposes although they do provide the user with some
information about the terrain surface. Therefore, in this section, same
numerical or quantitative descriptors such as statistical values will
be discussed. The definitions of these descriptors are given at the
beginning while the discussion of the usefulness of these descriptors
will be given at the end under the heading of discussion.

3.3.1 Descriptors of the camplexity of terrain surfaces
The complexity of a DTM surface can be specified by the concepts of
roughness or irregularity. These can be characterised by different

parameters such as its frequency spectrum, fractal dimension, and other
geomorphometric parameters. These parameters characterise the general
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shape of a terrain surface. They should, therefore, be able to serve as

the basis for determining the optimum sampling strategy to be used for
a specific DTM.,

(1). Frequency spectrum:

A surface can be transformed from the space domain to the frequency
domain by means of a Fourier Transformation. The terrain surface in
its frequency domain is characterised by its frequency spectrum. The
estimation of such a spectrum from equally spaced discrete (profile)
data has been discussed by Frederiksen (1980) and his colleagues
(1978). The spectrum can be approximated by the following expression:

S(F) =E ., F@ (3.1)

Where, F denotes the frequency, at which the spectrum magnitude is
S(F); and E and a are constants (i.e. characteristic parameters), which
are two statistics expressing the camplexity of the terrain surface (or
profiles) over all of the area. Thus they, like some of the numerical
descriptors which will be discussed later, can also considered as
rather general parameters but they do provide much more precise
information about the terrain surface than those described under the
heading of General or Qualitative Descriptors.

Different values could be obtained for these two characteristic
parameters from different types of terrain. According to the study
carried out by Frederiksen (1980), if the parameter, a, is larger than
2, the landscape is hilly with a smooth surface, and if the value of a
is smaller than 2, it indicates a flat landscape with a rough surface
since the surface contains relatively large variation with high
frequency (or short wavelangth). Such information is, of course, very
general. However, no more detailed information about the relationship
between these parameters and terrain characteristics is available so
far, therefore, as Frederiksen (1980) pointed out, "further experiments
must be carried out to interpret the connection between the terrain
variations and the spectrum'.,

Obviously, up till now, the use of the frequency spectrum of the
terrain has not moved out of the research domain. Also a great deal of
work still has to be done before the usefulness of the method is
established in the context of DTMs.

(2). Fractal dimension:
Fractal dimension is another statistical descriptor which can be used

to characterise the complexity of a curve or a surface. The discussion
will start with the concept of effective dimension.
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It is well-known that, in Euclidean geametry, a curve has a dimension
of 1 and a surface has a dimension of 2 regardless of its complexity.
However, in reality, a very irregular curve is much longer than a
straight line between the same two points, and a complex surface has a
much larger area than a plane over the same area. In the extreme, if a
line is so irregular that it fills a plane fully, then it becomes a
plane, thus having a dimension of 2. Similarly, a surface could have a
dimension of 3.

In fractal geometry, the concept of which was introduced by Mandelbrot
(1982), the dimension of an object is defined by necessity (meaning
"practical need"), thus leading to the so-called effective dimension.
The idea of effective dimension can be explained by taking the example
of the shape of the Earth's surface when viewed from different
distances.

i). if it is viewed fram an infinite distance, the Earth appears as
a point, thus having a dimension of 0;

ii). if it is viewed from a position on the Moon, it appears to be a
small ball so that the terrain relief is negligible, thus having
a dimension of 3;

iii). if the viewer cames nearer, for example to a distance above the
Earth's surface of about 830km (the altitude of the SPOT
satellite's orbit), the height information is extractable but
not in detail, thus, in general terms, the observer can see a
mainly smooth surface in same flat areas with a dimension of 2;

iv). if the Earth's surface is viewed on the ground, then the
roughness of the surface can be seen clearly, thus the effective
dimension of the surface should be greater than 2.

In fractal geometry, the effective dimension is allowed to be a
fraction, which is called the fractal dimension or fractal. For
example, the fractal dimension of a curve lies between 1 and 2, and
that of a surface between 2 and 3.

The following is an example to show how the fractal dimension of a
coast line can be determined (Mandelbrot, 1967). To evaluate the coast
between A and B, a person may use a different measuring scale, G. For
instance, if a ruler with a smallest scale (resolution) of h (i.e.
G=h) is used to measure the length of this coast, then a value of L(h)
(i.e. L(G)=L(h)) can be obtained. With a different value of G, he would
obtain a different length L(G). The relationship between L(G) and G can
be expressed as follows:
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L(G) = MG'P (3.2)

Where, M is a constant, and D is interpreted as the fractal dimension
of the coast line between A and B.

Similarly, the fractal dimension of a surface can also be measured by a
series of square planes with different sizes,

From the discussion above, it can be concluded that a fractal dimension
opproaching 3 indicates a very complex and probably rough surface,
while a simple (near-planar) surface has a fractal dimension value
which is near 2.

As in the case of the frequency spectrum approach discussed previously,
the use of the fractal dimension is, as yet, far from proven to be
useful in the context of defining a sampling strategy for DTM data
acqusition. Much more work must be undertaken and many more
measurements made before the use of fractal data becomes a viable
method to be employed in DM data acquisition.

(3). Plan and profile curvatures
It is also known that an individual relief form can be synthesized by

combining form elements which are defined as relief units of
haomogeneous plan and profile curvatures.
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Fig.3.1 Classification of form elements by plan and profile curvature
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Suppose a profile can be expressed as y = f(x), then the curvature at
position x can be computed as follows:

€ m e (3.3)
(1 + (dy/ax)2 )3/2

In this respect, curvature (C) is inversely proportional to the radius
of the curve (R), (i.e. C=1/R) in which case, a large value of
curvature is associated with a small value of radius. Thus,
intuitively, it can be seen that the larger the curvature, the rougher
is the relief. Therefore, curvatures can also be used as a measure for
the roughness of the terrain. This criterion has already been used for
terrain analysis (Dikau, 1989). Fig.3.1 shows different type of
curvatures as illustrated in Dikau's paper.

This does seems to be a potentially useful method for planning DTM
sampling strategies. However, it would seem that a rather large volume
of data (that of a DTM!) needs to be available to allow the curvature
values to be derived -- which leads to a chicken and egg situation.

3.3.2 Descriptors for the similarity of terrain surfaces

The degree of similarity between the pairs of surface points can be
described by a correlation function. This correlation function may take
different forms -- auto-correlation, (auto-)covariance and variogram
are all examples of these differing forms or functions. These are the
descriptors of the general shape of a surface and, therefore, they can
be used as the basis of weight determination in interpolation methads.
For example, variogram has been used for this purpose in the Kriging
method used in random-to-grid interpolation. They should also be able
to serve as the basis for determining the optimum sampling intervals
for reqular gridded sampling. The computation is as follows:

Covariance: Cov(d)

[ (24-M)(Z4,4-M) 1/ (N-1) (3.4)

Auto-correlation: R(d) = Cov(d) / Var (3.5)

Where "[ ]" denotes summation; M is the mean of Zs (heights); d is the
distance between two data points; N is the number of terms in the
sumations; and Var denotes the variance which is computed as follows:

Variance: var = [ (2;-M)2 ] / (N-1) (3.6)

Similarity values should have a high correlation with the complexity of
the surface. The relationship should be such that the smaller the
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similarity, the more complex is the surface.
(1). Covariance:

Auto-covariance, or simply covariance, is one of the concepts used to
describe the similarity of a DTM surface. The formula for the
camputation is expressed by equation (3.4). The value of the covariance
decreases with the increase of distance between pairs of data points.
Some empirical models such as the exponential model:

Cov (d) = VAR * Exp (-2 4 /c) (3.7)
and the Gaussian model:
Cov (d) = VAR * Exp (-2 d2/c?) (3.8)

have been used (Kubik and Botman, 1976), where c is the parameter
indicating the correlation distances at which the value of covariance
approaches to zero. Therefore, the smaller the value of ¢, the less
similar the surface points.

The covariance can also be plotted against the distance between pairs
of data points. Such a diagram is referred to as covariogram. The shape
of the curve is determined largely by parameter '"c'" which has a
function very similar to that of the root mean square error in the
random error model.

(2). Auto-correlation:

Auto-correlation is a very powerful descriptor of a DTM surface. It is
a concept similar to that of covariance. The auto-correlation function
also indicates the average degree of similarity between all pairs of
data points.

The auto-correlation coefficient takes a value from 0 to 1. A
coefficient of 1 indicates that the elevation values of two points are
identical, while a coefficient of 0 indicates that there is no
similarity between the two points in terms of elevation.

(3). Variogram:

Variogram is another descriptor used to describe the similarity of a
DTM surface. It has also been used for DTM accuracy estimation, and
thus for the determination of optimum sampling distance. The expression
for its computation is as follows:

2r(d) = [ (2(x)-2(x+d)2 /N (3.9)
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Where, "[ 1" denotes the summation; d is the distance between two data
points; and N is the number of summation terms. Then r(d) is the value
of the semi-variogram between data points with a distance of d apart.
In the elevation case, the following model is often suitable:

r(d) = A * dP (3.10)

Where, A and b are constants; and d is still the distance between two
data points. This model is known as the De Wijsian model (see David,
1977).

It can also be concluded that the smaller the value of the variogram,
the greater the similarity between two sampled points in terms of
elevation.

3.3.3 Discussion of mmerical descriptors

These numerical descriptors are essentially statistical descriptors.
They are computed from a sample of terrain points from the project
area. Usually, some profiles are used as the sample and then a
numerical value is computed from these profiles. However, there are
some problems connected with this approach. One of these is that the
numerical value camputed fram the selected profiles could be different
to that derived fram the whole surface. If one tries to compute it for
the whole surface, then a sample fram the whole surface is necessary.
In this case, the original purpose of having a terrain descriptor for
project planning disappears. Also the numerical values are very
sensitive to the sampling interval used, the length of profile used and
even the location and direction of the profiles used in the
camputation. Therefore, it is very possible that the obtained numerical
descriptor fails to convey the correct message to a DTM planner.

In conclusion, it is often very difficult to have a robust estimate of
these numerical descriptors for a given area, thus it is difficult to
make use of them in defining a sampling strategy. Thus in practical
terms, these descriptors have been used experimentally in DI'M research
and practice but not so far successfully in operational or routine
production terms.

3.4 A recommendation for slope together with wavelength to be used
as the main terrain descriptor for DIM purposes
It has been found that these various numerical/statistical descriptors

discussed in the previous section are not too suitable for the purposes
of DIM planning and practice. Therefore, the aim of this section is to
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recommend a more practical approach.
3.4.1 Roughness vector: Slope and wavelength

Roughness is the concept originally used in geamorphometry to describe
the complexity of a topographic surface. The parameters used for such
purposes have been reviewed by Mark (1975). It has been found that
roughness cannot be completely defined by any single parameter, but
must be represented by a roughness vector or set of parameters.

In this set of parameters, relief is used to describe the vertical
dimension (or amplitude of the topography), while the terms grain and
texture (the longest and shortest significant wavelengths) are used to
describe the horizontal variation. The parameters for these two
dimensions are connected by slope. Thus, relief, wavelength and slope
are the roughness parameters. The relationship between them can be
illustrated in Fig.3.2(a). It can be seen that the slope angle at a
point on the "wave" varies from position to position. The following
mathematical equation may be used as an approximate expression of their
relationships:-

tantA=H/ (W/2)=2H/ W (3.11)

Where, A denotes the average value of the slope angle; H is the local
relief value; and W is the so-called wavelength, It is clear that, if
any two of them are known, then the third can be computed from

Equ.(3.11).

Slope angle for P

4

—

|'——— wavelength ——~| |' W

Fig.3.2 Relationship between slope, wavelength and relief
(a). Their full relationship; and (b). simplified diagram

For many reasons which will be discussed in the next sections, slope

and wavelength together are recommended as the main terrain descriptors
for DTM purposes.

37



Chapter 3 Terrain descriptors

In practical terms, the relief parameter for a given area will often be
known. Therefore, the value of the corresponding wavelength will also
be known if the slope value is known. Therefore, the adequacy of this
descriptor depends above all on the availability of slope values in
terms of terrain description.

3.4.2 The adequacy of slope as a terrain descriptor
from the geomorphometric point of view

Evans (1981) states that "a useful description of the landform at any
point is given by altitude and the surface derivatives, i.e. slope and
convexity (curvature)." "Slope is defined by a plane tangent to the
surface at the given point and is completely specified by the two
components: gradient (vertical component) and aspect (plan component)."”
""Gradient is essentially the first vertical derivative of the altitude
surface while aspect is the first horizontal derivative," Further land
surface properties are specified by convexity (incluing positive and
negative convexity - concavity). These are the change rates in the
gradient at a point (in profile) and the aspect (in plan tangential to
the contour passing through this point). In other words, they are the
second derivatives.

These five attributes (altitude, gradient, aspect, profile convexity
and plan convexity) are the main elements which are descriptive of
surface points. Among them, slope, comprising both gradient and aspect
camponents, is the fundamental attribute.

The gradient component should be measured in the steepest direction.
However, when taking the gradient of a profile or in a specific
direction, it is actually the vector of gradient and aspect that is
obtained and used. Therefore, the term slope or slope angle is used in
this thesis to refer to the gradient in any specific direction.

3.4.3 The adequacy of slope as a terrain descriptor
fram other different points of view

The usage of slope as the main terrain descriptor for DTM purposes can
be justified for the following reasons:

i). Slope is a very powerful terrain descriptor. As quoted by Evans
(1972), Strahler (1956) pointed out that "slope is perhaps the
most important aspect of surface form, since surfaces may be
formed campletely from slope angles..."

ii). Slope is the first derivative of altitude on the terrain surface.

It shows the rate of the change of height of the terrain surface
with distance.
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iii). Traditionally, slope has been recognised to be a very important
descriptor and is well utilized in practice. For example, the map
specifications for contours are given all over the world in terms
of slope angle.

iv). More importantly, in DTM practice, Ley (1986) found that "a
positive correlation exists between the vertical error of a
regional DTM and the mean slope of that region as measured from
the DTM. The correlation coefficient was very high with a low
standard error". From this discovery, Ley (1986) then concluded
that it is possible to predict the vertical accuracy of DTMs
purely by analysing the mean slope of the model'.

3.4.4 Practical considerations for slope

In the previous section, it was suggested that slope could be used as
the main terrain descriptor for DTM purposes. In this section, same of
the problems and/or difficulties of using slope will be discussed.

One of the problems is the availability of slope data. In the present
context, the purpose of classifying the terrain on the basis of slope
values is to design a sampling strategy for this area. Therefore, the
slope values should be available or estimated before sampling takes
place.

Actually, slope can be determined directly from the height and plan
measurements carried out in a stereo-model or derived from contour
maps. The method designed by Wentworth (1930) is still widely used for
estimating the average slope of an area from a contour map. If there is
no contour map available for the project area, then the slope may be
estimated from aerial photographs. Some of the methods which are
available for the measurement of slope from aerial photos have been
campared by Turner (1977).

Another problem may be the variability of slope values. Slope may vary
from place to place so the slope estimate which is representative for
one area may be not suitable for another. In this case, the average
value may be used in suitable situations as suggested by Ley (1986). If
the slope varies too greatly in an area, then the area may be divided
into small pieces and different sampling strategies may be applied to
each of these pieces. However, the discussion of the design of this
sampling strategy will take place later (i.e. outside of this chapter)
after the discussion of the accuracy of DTMs from different data
sources.

Although there may be some difficulties in measuring or estimating
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slope, just like those encountered in providing estimates of other

numerical descriptors, there are still some advantages of slope over
the others:

i). One of these is that people have a lot of experience in dealing
with slopes when making topographic maps. Thus a lot of prior
knowledge is available that can be put to use in defining or
deciding upon a sampling strategy.

ii). The second is that, there is evidence of a high correlation
between slope and relief (e.g. see Evans, 1972). Therefore,
relief information may be used as a rough gquide for the value of
slope. For example, in deciding the contour intervals to be used
in small scale topographic mapping, Imhof (1965) takes 45° as
the average slope value used in for high mountainous areas of
rugged relief, 26° for lower mountainous areas with a less
rugged relief and 9° for relatively flatter areas.

iii)., Due to the high correlation between slope and relief, the
concept appears very intuitive to every one, though obviously
there are exceptions such as high plateaux with large elevation
or altitude values but maybe a relatively gentle terrain in
terms of slope.

3.5 Concluding remarks

In this chapter, a brief discussion of terrain descriptors has been
made. These descriptors include general descriptors and numerical
descriptors. It has also been pointed out that the general or
gualitative descriptors can only provide users with such a general
knowledge about the roughness of the terrain surface that they can only
be used in the planning stage for modelling large areas. By contrast,
numerical or quantitative descriptors are capable of providing more
precise information about the roughness of the terrain. Thus they can
be used at the design stage for specific projects within a relatively
small area. However, there are some problems associated with those
numerical descriptors which have already been used in DTM practice. Due
to these problems, it is difficult to make practical use of these
descriptors.

Fram both the theoretical analysis and the results from DIM practice,
slope together with wavelength appears to be a very promising terrain

descriptor, and therefore it will be the main descriptor used in this
project.

Using numerical parameters to classify terrain is referred to as a
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parametric classification. In this system, terrain is classified on the
basis of the user's demand for a specific purpose -- in this particular
case, the acquisition of DTM data. In the case of terrain modelling,
the main purpose is to decide upon and then design the sampling
strategy, the basis for which will be discussed in the next chapter.
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Chapter Four
Sampling Strategy far Data Acquisition Using Photogrammetric Methods

After the classification of terrain types, the next step is data
acquisition. Since the formation of a digital terrain model is a
numerical and mathematical process, a suitable set of digital
coordinate data of the terrain surface is required before any modelling
can be carried out. The acquisition of this data is the primary (and
probably the single most important) stage in the terrain modelling
process. This is the topic of this chapter.

4.1 Introduction and background

The source data, comprising positional coordinates and elevation
values, can be measured directly on the terrain surface by field survey
methods or it can be obtained indirectly from other sources such as
aerial photographs, remotely sensed imagery, and/or existing contour
maps. The method used will depend partly on the availability of these
different materials but also on the scale or the required sampling
interval and the accuracy requirements of the DTM. Furthermore, the
intended use and the type of information which will be extracted from
the model will help to decide which source and which particular method
will be used to acquire the data for the DM,

4.1.1 Data sources for digital terrain modelling

The actual terrain surface of the Earth occupies a vast area -- about
149.5 million square kilametres -- although it is only a small fraction
(29.2%) of the total area of the Earth's surface. The approach of
acquiring data directly from measurements on the terrain surface is
referred to as ground survey or field survey.

The data acquired by ground survey is (or should be) of a very high
quality in temms of accuracy. It is suitable for large-scale terrain
modelling such as projects in civil and mining engineering covering a
relatively limited areal extent. However, it is not an efficient or
practical approach for measuring or modelling large areas of the
Earth's surface. Therefore, consideration of digital terrain modelling
based on data from this particular source will not be undertaken in
this thesis.

Space photographs are another source which could be used for terrain
modelling. Some photographic systems such as the Skylab S-190A and S-
190B, the Spacelab Metric Camera and the Large Format Camera have been
used experimentally to collect terrain model data. However, the height
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accuracy of data points measured from the photographs taken by these
systems is so low that they can only be used for reconnaissance
purposes. Remotely sensed imagery, taken from space can also be
considered as a data source for terrain modelling. However, although
many satellite scanner systems such as the MSS and T¥ sensors used in
Landsat series and the stereo-scanner used in SPOT have been
experimented with, the quality of height information which can be
obtained fram such systems is very poor in terms of both relative and
absolute elevation accuracy. Thus, it is impractical to use such space
imageries as the data source for terrain modelling except for same kind
of reconnaissance purpose. Therefore, least consideration has been
given in this thesis to using this second type of space image as a data
source. However, a test of DTM accuracy has been carried out using
space photography and is reported in Chapter 10.

Existing contour maps are another source for terrain modelling. The
acquisition of data from existing maps is referred to as cartographic
digitisation. The problems associated with this particular data source
will be discussed later in Chapter 6 and a practical test of accuracy
of a DT derived from this type of data will be reported in Chapter 13.

Aerial Photography is a vital and very useful data source for many
different disciplines. It has been widely used in topographic mapping,
geology, agriculture, forestry, ecology, archaeology, resource
management, urban planning, etc. It is also the main source for the
production of accurate DTMs over large areas and so its characteristics
will be considered at length in this thesis.

4.1.2 pPhotogrammetric methods of DIM data acquisition

The method used to acquire (i.e. measure) data fram aerial photographs
is referred to as photogrammetry. Photogrammetric data can be acquired
for DTM production in any of several different ways. It is possible to
use a photogrammetric operator to measure a set of data points on a
stereo-model following some kind of procedure designed specifically for
the purpose, or it can be collected as a by-product of some other
photogrammetric operations such as orthophoto production or contouring.
It is also possible to obtain photogrammetric data by automated or
semi-automated measuring methods, e.g. using correlation techniques.

The specific procedure designed for the purpose of DT data acquisition
is referred to as the photogrammetric sampling method in this thesis
and forms the principal topic of this chapter.

Indeed, sampling is a vital matter in digital terrain modelling since

more and more evidence is becoming available which shows that the loss
of fidelity in terrain topography resulting from the failure to
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acquire sufficient or appropriate information at the data aguisition
stage cannot be regained by interpolation at the reconstruction or
modelling stage (see Makarovic, 1972; Xubik and Botman, 1976;
Ackermann, 1979). Therefore, determining the location of points to be
measured and/or the optimum sampling interval between points is the
most important topic in sampling theory. This will be discussed later
in more detail in Chapter 14 which is concerned with the optimization
of photogrammetric sampling for different types of DIM projects after
discussion of the accuracy of digital terrain models.

Various photogrammetric sampling methods have already been in use.
These include profiling, regular grid sampling, selective sampling
(Makarovic, 1984), progressive sampling (Makarovic, 1973) and composite
sampling (Makarovic, 1977). However, the theoretical background of
these different methods, the effectiveness of each method and the
overall philosophy of the photogrammetric sampling methods themselves
have rarely been discussed. However, such a discussion is of great
importance if the most suitable sampling method for a specific project
is to be selected. Also the discussion might lead to the development of
more comprehensive and effective methaods.

The concept of sampling used above refers to the sampling before
measurements, thus it can be considered as pre-measurement sampling.
However, in saome cases, the data points may have already been measured
with a great density, as in the case of data sets produced by automatic
correlation, but not all points may be necessary for a specific
project. Therefore, some methods of filtering need to be applied to
such data sets. This type of filtering can be called post-measurement
filtering and a brief discussion on this topic will be given at the end
of this chapter.

4.2 Theoretical background for photogrammetric sampling

From the theoretical point of view, a point on terrain surface is zero-
dimensional, thus without size, while a terrain surface comprises an
infinite number of such points. If full information about the gecmetry
of a terrain surface is required, it is necessary to measure an
infinite number of points. That is to say, from both the theoretical
and practical points of view, it is impossible to obtain full
information about the geometry of a terrain surface.

However, in photogrammetric practice, the terrain surface is represented
quite adequately by the surface of the reconstructed stereo-model of
the area being modelled. It follows that the height of a point measured
on the stereo-model surface (which is actually formed from two tiny
fuzzy circles on aerial photographs) represents the elevation value

45



Chapter 4 Sampling strateqgy...

(height) over a certain size of area. Any lack of accuracy in this
value is mainly due to the limitations of the photographic imaging
system (including the resolution of the aerial camera-lens/emulsion

combination) and to the mechanical accuracy of the photogrammetric
instrument.

In practice, a stereo-model surface is represented by a finite number
of measured points. That is to say, a stereo-model (and thus a piece of
the terrain surface) can be represented quite adequately by measuring
only a finite number of points on it. This fact makes photogrammetric
sampling meaningful in a practical sense.

In most cases, full or complete information about a stereo-model
surface is not required for a specific DTM project, and so the photo-
grammetric measurements required for a DTM project can be carried out
with a view to obtaining a set of digital data which can represent the
corresponding terrain surface to the required density and/or to the
required degree of accuracy and fidelity.

4.3 Sampling theorem and its possible application to DTM data sampling

The fundamental sampling theorem, used in mathematics, statistics,
engineering and other related disciplines is well-known and can be
stated as follows:

"If a function is sampled at an interval of Dx, then the
variations at frequencies higher than 1/(2 Dx) cannot be
reconstructed from the sampled data."

As Tobler (1969) explained, the theorem states that "if a function has
no spectral components of frequency higher than W, then the value of
the function is completely determined by a knowledge of its values at
points spaced 1/(2W) apart."

In the case of terrain modelling, if a terrain profile is long enough
to be representative of the local terrain, it can then be represented
by a sun of its sine and cosine waves. If it is assumed that the number
of the terms in this sum is finite, there is, therefore, a maximum
frequency value, say F, for this set of sinusoidals. According to this
theorem, the terrain profile can be completely constructed if the
sampling interval along the profile is smaller than 1/(2F). Therefore,
extending this idea to surfaces, the sampling theorem could also be
used to determine the sampling interval between profiles in order to
obtain adequate information about a terrain surface which is
represented by a stereo-model surface.
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Furthermore, according to this theorem, if a terrain profile is sampled
at an interval of Dx, then the information about the variations of the
profile with a wave length of 2 times Dx or more is totally lost.
Therefore, as Peucker (1972) has pointed out, "a given reqular grid of
sampling points can depict only those variations of the data with wave
lengths of twice the sampling interval or more."

This theorem has been used for the determination of the sampling
interval by Frederiksen (1980) and his colleagues (Frederiksen et al,
1986). The camputation takes place in the frequency domain.

4.4 Photogrammetric sampling from different points of view

The surface of a stereo-model can be considered to be an assemblage of
points. These points can be viewed in various ways from the differing
view points inherent in subjects such as statistics, geometry,
topographic science, etc. Therefore, different sampling methods can be
designed and evaluated according to each of these different view
points. The following paragraphs will discuss these view points and
methads.

4.4,1 Statistics-based sampling

From the view point of statistics, a stereo-model surface is a
population (also called a sample space) and the sampling can be carried
out either randomly or systematically. The population can then be
studied by the sampled data.

Random sampling is sampling in which any sampled point is selected by a
chance mechanism with known chances of selection. The chance of
selection may be different from point to point. If the chance is equal
for all sampled points, then it is referred to as simple random
sampling. In systematic sampling, the sampled points are selected in a
specially designed way, each with a chance of 100% probability of being
selected.

The whole population can be sub-divided into several sub-populations,
each called a stratum, and the sampled points can be taken from each of
these strata. Any sampling carried out in this way is referred to as
stratified sampling. The sampling can also be taken in another way in
which the whole population is divided first into several groups
(referred to as clusters in statistics), and then one of them is
randamly selected for the estimation of the population. This method is
referred to as cluster sampling.
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4.4.2 Geometry-based sampling

From the geometrical point of view, a stereo-model surface can be
represented by different geometric patterns. This pattern could be
either irregular or reqular in nature. The regular pattern can, in
turn, be sub-divided into 1-D regular and 2-D regular patterns.

The data points obtained from the sampling with an irregular pattern
can be represented by irregularly-shaped triangles or polygons. If the
sampling is conducted with a reqular pattern which is only reqular in
one dimension, then the corresponding method is referred to as
profiling (or contouring). A two-dimensionally regular pattern could be
a square or reqular grid, or a series of contiguous equilateral
triangles, hexagons, or other regularly shaped geametric figures.

4.4.3 Feature-based sampling

In this thesis, "feature-based sampling" refers to the sampling as seen
from the point of view of topographic science. Fram this view point, a
stereo-model surface consists of a finite number of surface points, and
the information content of these surface points may vary with their
positions on the stereo-model surface (representing the corresponding
terrain surface). In surface theory, surface points are classified into
two groups, one of which comprises feature-specific points (and lines)
while the other camprises random points.

Feature-specific points are those points on the surface which represent
surface features with a much higher or more significant information
content than the average surface point. Examples of these are peaks,
pits and passes. These points not only contain their own coordinate
values, but are also be able to give some information about their
surroundings. Peaks are the summits of mountains and hills, so they
have a set of points of lower height around them. By contrast, pits are
the bottoms of valleys (or holes), so they have a set of greater height
values around them.

The lines connecting certain types of feature-specific points are
referred to as feature-specific lines in this thesis. Examples of these
are ridge lines and course lines (e.g. rivers, valleys, ravines, etc.).
Ridge lines are the lines connecting pairs of points such that the
points on them are local maxima; and course lines are, on the other
hand, linking pairs or strings of points so that the points defined by
them are local minima.

The crossing points of these two types of lines are referred to as

Passes. They are, therefore, the points which, at the same time, can
have a maximum elevation value in one direction and a minimum value in
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the other direction.

As discussed in Chapter 3, it has been found in gecmorphometry, that a
terrain surface may be characterised almost completely by its slope
angles, From this point of view, it can be thought that the importance
of feature-specific points present on the terrain surface arises from
the fact that, at these points, terrain slope changes not only its
direction but also its sign or magnitude. For example, at peaks, it
changes from positive to negative and at pits, it changes from negative
to positive. There are also two other types of points at which the
terrain slope changes its vertical angle but not its sign. They are
convex points and concave points. If a slope is viewed as an up-down
transition, then the slope change is from gentle to steep at the former
and in an opposite direction at the latter.

The convex and concave points are also, invariably feature-specific
points, connected to become linear features., If there is a special case
where the slope change is very sudden, then these linear features are
referred to as break lines.

All these points -- feature-specific points, points along feature-
specific lines, points along break lines, etc. -- are very important
points (VIPs) in representing the terrain surface.

As has been discussed before, in the statistics-based sampling
approach, every surface point is considered as a random point. However,
in the topographic science context, a random point (RP) refers to any
point randomly located on the surface. Unlike the VIPs, a random point
which has been measured can only give information about its own height
value but nothing more. That is to say, if a surface may be represented
by N points, knowing one of them only gives us 1/N more information
about the geometry of the surface. From the point of view of
topographic science, random points are of only minor significance and
little effort is made to collect data on this basis.

The discussions above suggest that there is very little loss of
information about the terrain surface features if any points other than
VIPs are not selected. In other words, if only these VIPs are selected,
the main features of the terrain surface can still be obtained. This
results in the method of selective sampling. In this context, any other
sampling method can be classified into the group of non-selective

sampling.

4.5 The requirements for photogrammetric sampling methods

In the preceeding section, photogrammetric sampling has been discussed
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from several different points of views. This section will discuss the
requirements for a photogrammetric sampling method.

The whole DTM production system can be considered as an engineering
system. The following criteria are the main standards for system
judgement: performance, cost, reliability and time (Chestnut, 1965).

Specifically for a sampling method, the requirements are described as
follows:

i). In order that the whole DTM production system can have a good
performance, the sampling method should enable data to be
obtained with sufficient fidelity to recreate the original
surface while fitting into a comprehensive data structure.

ii). As far as the time factor is concerned, a sampling method is
required which will enable the operator to measure a stereo-
model rapidly and have the sampled data processed very
efficiently.

iii). Cost is another concern for a DTM production system and must
include the cost of purchasing and operating the hardware, the
cost of accommodation, personnel costs including salaries and
insurance, etc. The cost factor should also include items such
as the CPU time of data processing. In addition, a sampling
method should enable the operator to measure data points in as
straightforward a way as possible in order not to take excessive
time for measurement nor to incur the cost of additional
hardware and/or software.

iv). The discussion above is about the general requirements for a
photogrammetric sampling method. In practice, a further matter
of high concern is with the structure of the sampled data. This
is related to the characteristics of the modelling programs. For
example, if a surface modelling program accepts only square grid
data sets, then as far as possible, the (square) grid sampling
method should be considered since the use of any other pattern
will lead to the need for substantial pre-processing, including
the transformation of and interpolation from the measured data
before it can be employed in the modelling program.

4.6 Existing photogrammetric sampling methods

The general requirements for a sampling method have been discussed in
previous sections. This section will discuss the merits and demerits of
existing sampling methods so that other potential sampling methods can
be searched for.
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(1). Selective sampling

Using this method, the data on the stereo-model is obtained in a
similar way to the procedure used in optical and electronic tacheametry
in land surveying. That is to say, all the VIPs are selected, thereby
ensuring that the data is reasonably comprehensive in its coverage.
This method has the distinct advantage that fewer points can represent
the surface with high fidelity. But it is not an efficient way of
selecting data points because it requires substantial interpretation of
stereo-model by a trained human observer. In practice, no automated
procedure can be implemented on the basis of this strategy so that it
is not popular in certain mapping organisations (e.g. military survey
organisations) where speed of data acquisition is of prime importance.

(2). Regular grid sampling

As the name implies, regular grid sampling ensures that the data
points are obtained in the form of regular grid. This can be achieved
by keeping one dimension (e.g. the X direction) constant and changing
position along the line of the second dimension (Y in this case) in a
series of equidistant steps while measuring the height (Z) values at
each grid node. In this method, a microcomputer can be implemented to
control the movement in the both X and the Y directions instead of it
being implemented manually. That is to say, it is convenient for the
autamatic or semi-automatic positioning of the data points which have
to be measured. Another advantage of using this method is that the
height data can be stored in a regular matrix, which simplifies the
processing of data. For these reasons, this is a popular method in many
surveying and mapping organisations.

But in terms of sampling, a heavy redundancy of data is required in
order to ensure that all slope discontinuities are detected or the
changes in the topographic surface texture are represented in an
adequate manner.

(3). Progressive sampling

In order to solve the problem of data redundancy in regular grid
sampling, Makarovic (1973) designed a modified method, which he called
progressive sampling. In this procedure, the sampling is carried out in
a grid pattern whose interval changes progressively from coarse to fine
over a small area.

The procedure is: First, a set of grid points are measured at a low
density, then the elevation values at these data points are analysed by
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an on-line microcomputer. In turn, the computer generates the location
of new points which are required to be sampled in next run. The
procedure may be repeated until some prior criteria are satisfied.

For such criteria, Makarovic (1973) proposed initially to use the
second differences of elevation values computed along both rows and
columns of the measured (sampled) coarse grid. Several additional or
alternative criteria have also been proposed by Makarovic later (1975),
such as the so-called randam-variation criterion, parabolic criterion,
distance criterion and contour criterion, etc. Of course, these other
criteria may also be used as the basis of the sampling strategy for
a particular terrain type. However, this is by no means the principal
topic of this section.

Progressive sampling can solve part of the redundancy problem that is
inherent in the reqular grid sampling method, but still there are
shortcamings as Makarovic (1979) has noted:

i). the sampled data points exhibit a high degree of redundancy
in the proximity of abrupt changes in terrain surface;

ii). some pertinent features might be lost in the first run with
its wide (coarse) spacing. These cannot be recovered by the
following sampling runs; and

iii), the tracking path is rather long, which incurs a decrease of
the time efficiency.

To overcaome these drawbacks of this method, Makarovic (1977) proposed
the use of another method which he called composite sampling.

(4). Composite sampling

Composite sampling is the combination of selective and regular grid
sampling or a combination of selec